INTRODUCTION
In the framework of the European Project SELFRAC (5 th PRCD), a numerical modelling of the excavation of a gallery in the Boom Clay layer at Mol (Belgium) was undertaken. The new gallery was made to connect an existing gallery to a new shaft in the Underground Research Laboratory (URL) HADES. The finite element code used was the code Lagamine developed in the University of Liège. One of the objective of the modelling was to compare the strain localization prediction with the observations made during the excavation. The simulation was supposed to follow as closely as possible the real excavation process that took place in the URL Hades in February 2002. In particular, the geometry and the operation of the tunneling machine, the shield and the lining placement method were taken in consideration carefully. A fully coupled hydromechanical formulation was used.The constitutive model used was the hypoplastic model called CLoE developed in Laboratoire 3S in Grenoble. The material parameters used were resulting of the laboratory tests performed in the framework of the same research project.
DEFINITION OF THE FIELD PROBLEM
This numerical simulation concerns the excavation of the 90m length connecting gallery from the second shaft of the underground laboratory toward the initial test drift, and more specifically the prediction of the stresses, pore pressure and displacement fields around the gallery. The first shaft and the test drift have been constructed between 1980 and 1987 and have a 223m depth and 67m length, respectively (figure 1a). The construction of the second shaft started during summer 1997 and finished during spring 1999. The connecting gallery started in 2001. The test drift has been excavated manually at a mean rate of 2-3m/day while the connecting gallery has been excavated by a semi-mechanised technique at a mean rate of 2m/day. A set of instrumentation was placed from the test drift front and around the future connecting gallery in order the measure the changes of displacements and pore pressure during the excavation of the gallery. The instrumentation installed from the test drift was organised on four lines (figure 1b). The line A was placed in the test drift axis and lines B, C and D were inclined. The connecting gallery was excavated under the protection of a shield (2.405m diameter and 2.3m length) and a concrete lining (rings of 2.400m ±1cm diameter and 1m length) was placed to support the gallery. The distance between the last placed ring and the rear of the shield oscillated between 0.2m and 1.2m. The gap between the shield diameter and lining diameter induced a convergence of the clay of about 9 cm on the diameter of the hole in clay (see remark in § 3.1).
MODEL DESCRIPTION
Simulation is are performed using the FEM code Lagamine (Charlier 1987 ABSTRACT: In the framework of a Euratom research program devoted to Nuclear Waste deposition security assessment, a numerical simulation of the excavation of a gallery in the Boom Clay layer at Mol (Belgium) has been performed In order to model the progressive excavation and lining installation process, a special sequence of desactivation/activation of sets of elements was elaborated. In particular, this numerical strategy allowed to take into account the fact that, due to the deformation of the massif as the excavation progresses, the material to be excavated once the front has reached a given position into the rock mass cannot be defined a priori, but is resulting of the modelling of the previous phases up to the present one.
tive model CLoE (Chambon et al. 1994) developed at the laboratory 3S in Grenoble (France). 
Hypotheses
The following main hypotheses have been considered:
2D Axisymmetric conditions along the gallery axis Isotropic and homogeneous initial in situ stress and pore pressure state: variation with depth is neglected in the modelling zone The shafts are not considered The unilateral nature of the contact between the clay and the lining is modelled The excavation is supposed to be undrained, that is to say no water can flow through the boundaries Remark : In the simulation, the gap was set to 4 cm on the diameter, for consistency with the blind prediction input data of the CLI-PEX project (Bernier et al. 2002) .
Geometry
The modelling zone is corresponding to the region around the gallery and the head of the Test Drift (instrumented zone in the CLIPEX project). The modelling domain is 50 meters high (the gallery radius is 2.00 meters) and 90 meters long. The height excavated is 2.42 meters and the thickness of the concrete lining is 0.40 meter. The initial gap between the soil and the lining is 2 cm large.
The mesh is composed of 8095 nodes and 2768 elements. The density of mesh is maximal near the roof of the gallery and relatively high in the instrumented zone (Figure 1) . A set of elements, meant at modelling the lining, is defined in the mesh, placed in the final position of the lining along the gallery after excavation. These elements have the mechanical properties representative of the lining (a concrete tube with young modulus = 15 GPa and Poisson Coefficient = 0.3), but they are activated only in due time in the modelling process. Before the activation, the elements do not play any role. The activation process is made by sub-sets corresponding to an excavation step.
Test drift (instrumen-
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Modelling procedure
Boom Clay is considered as a porous medium subjected to hydro-mechanical coupling (Collin et al 2002) . Two major stages are included in the modelling procedure of the excavation : Stage 1: stress release in the first 30 meters of the connecting gallery, starting from the second shaft, in 15 days). This step consists in decreasing the total stress on the tunnel wall from the in-situ stress down to zero. In the initial state for this stage, the concrete lining is already activated in the 30 meters zone but the soil is not in contact with it. During the release of the stress, the soil moves (it converges towards the decompressed zone) and progressively the initial gap (2 centimeters) disappears. Technically, the contact between the soil and the lining is modelled by using special elements namely contact elements (Cescotto & Charlier 1993) , and foundation elements, inserted between the rock and the lining, and sharing their nodes with the latter. The contact elements allow to define a contact pressure. A penetration distance is defined at the contact zone because the contact elements are not perfectly rigid. The foundation elements transfers the stresses to the lining. or totally in the 2.42 meter excavation zone. In fact, in the simulation (and in the reality too) the rock mass ahead of the excavated gallery moves both towards the gallery axis, and along the axis in Y direction ( Figure 3) . Then some elements which were outside of the profile of the gallery before excavation of the first N steps, may have entered this profile at the time when the step N+1 is processed. The modelling strategy defined allows to take into account this difficult effect properly. The height "excavated" numerically is at least 2.42 meters thus the soil around the excavated zone is free to converge towards the activated lining and eventually to come in contact with it. Moreover, it is interesting to note that, in the real excavation process, the profile of the excavation suffers irregularities, as the rock blocks which detach from the front under the action of the excavator do not exactly match the predefined profile.
Initial and boundary conditions
The clay formation around the gallery is considered as homogeneous and isotropic. The initial stresses are supposed to be hydrostatic (σ 0 = σ h = σ v ). The stresses and pore pressure initial values used in the code are the in situ one (at depth of the gallery) (Table 1) . 
Constitutive laws and hydraulic properties
The hypoplastic law CLoE implemented in the FEM code Lagamine was used to describe the stress-strain relation for Boom Clay. An experimental program has been carried out in the SELFRAC project (Bernier et al. 2005 ) to obtain the main input parameters needed to calibrate this constitutive law.
Full saturation is assumed in this work. The main hydraulic properties used for the simulation are given in Table 3 . Permeability is considered isotropic. The lining is modelled using porous mechanical elements associated to an elastic constitutive law (E = 15 GPa ; ν = 0.3) . Initial stress and pore pressure in
Initial
Final in these elements are equal to zero. A high permeability (1.10 -12 m 2 ) is chosen in order to ensure drained conditions in the lining.
RESULTS
In the sequel, we discuss the two main stages of the simulation : stress release around the 30 meters gallery in the initial stage, then progressive excavation of the remaining gallery.
Stage 1: stress release in the gallery
Illustrations in Figure 4 show the pore pressure (p p ) and the deviatoric stress (q) distribution around the gallery induced by stress release in the gallery. The rightmost picture indicates where strain localisation occurs (bifurcation criterion met locally). Note that, for sake of clarity, the lining is not represented on these pictures. More precisely, the quantities (stresses, pressures) represented in the pictures are displayed for the soil elements only, not for the lining element. As described above, at the start of the excavation process in the model, the excavation has already been performed over 30 meters and the lining is supporting the gallery up to the excavation front along these 30 meters.
The most significant perturbation occurs in a zone close to the excavation front. Pore pressure is perturbated up to 7 meters ahead the front along the axis of the gallery, and about 4 meters radially. Starting from the 2.2 MPa far field pore pressure (yellow in the picture a) we can observe a decrease down to zero and then to a significant negative pore pressure near the front (suction about -1.33 MPa ). Conversely, a zone of over pressure appears near the edge of the lining, extending over about one meter along this one in the direction of the gallery. This is consistent with a over-compression of the rock locally at the contact with the lining.
Axial (σ y ) and radial stress (σ x ) are compressive everywhere, they show significant variations over about 13 meters behind the front in the axial direction, and about 10 meters in the radial direction. The increase of the radial stress just behind the front is as high as 3.5 MPa, and the axial stress increases up to 6 MPa.
Zones with potential strain localization are detected behind the front over a length of 2.5m in the axial direction. So-called "bifurcation crosses" illustrated in Figure 4 are displayed at the locations where the bifurcation criterion was found to be met. The green and the red arrows indicate the directions parallel to the two conjugate potential shear bands in this location. These two directions are rather close, which is typical of brittle materials. In the numerical model used, no post-localisation strategy has been developed. The localisation prediction displayed is indicative of zones where rupture is likely to develop in a localized mode, nothing more.
The effect of different choices in modeling the installation of the lining, on the rupture mode, has been studied by performing different simulations : in the first one, the lining was considered as instantaneously installed up to the actual position of the excavation front, while in the second there was a gap between the front and the lining along which the soil was free to move. A third computation with a finer mesh in the critical zone allowed a more precise description of the localization. It is worth to mention that no significant changes appeared between these different simulations in the pore pressure and stress fields.
Stage 2 : excavation meter by meter up to the Test Drift zone
The excavation was modelled according to the modelling procedure described above. Figure 5 presents the evolution of the pore pressure field in the clay during the excavation process, for a few steps arbitrary chosen between the 30 steps performed. The field is characterized by a figure of strong gradient, around the excavation front, and limited evolution of the shape of the contours from one step to the other. This observation means that the pore pressure field near the front during the excavation process is not significantly influenced by the actual position of the front; a kind of steady state is reached, which is translated with the front as the excavation progresses.
Pore pressures changes : comparison with in situ measurements
Results were discussed with comparison to the in situ measurement taken during the excavation. The piezometer and inclinometer transducers were placed in 8 boreholes. The position of the boreholes is summarised in Figure 6 , in a radial versus axial position system. Significant pore pressure differences between the sensors detected before the start of the excavation are out of the scope of our simulations, since they are likely to be due to previous stages in the building of the URL. Accordingly, all the sensors have the same initial pore pressure value, close to 2.2 MPa, e.g. in the different sensors response predictions presented in Figure 7 .
When the excavation front is approaching the test drift zone, a slight increase of pore pressure is predicted but not of the order of magnitude of the actual one as measured by the real sensors (boreholes A2 and B2).
The drop of pore pressure is well predicted in borehole A2, sensors WA5, and in borehole B2, sensors WB5, and WB1 if we disregard the small peak discussed above. Conversely, the prediction seems not good at all for the sensor, WC1 and WC8, WD1 and WD5. Concerning the latter, it should be considered that the range of variation of the pore pressure is much smaller than in the other locations, in such a way that at the same scale, the prediction seems much closer to the in-situ data. As for WA1, the discrepancy is quite significant, but the response of the sensor is different (much more abrupt) from the other evolutions observed, so there may be something special taking place there in the real process, like for example a fissure propagating from the excavation front, starting from the tip of the lining as suggested by the localisation detection presented above in Figure 4 and observed also during the excavation work.
Globally, what comes out from these comparisons is that the pore pressure drop resulting from the excavation is sensible much farer in the real world than in the simulation : A1, A5, B1, not B5; C1 and C8. Moreover, supposing that the sensors were able to measure negative pore pressure (which was not the case in fact), the negative pore pressure predicted in A1 and B5 could not be observed, because the sensors come to communicate with the gallery air pressure through fractures taking place as the front comes too close. The same comment apply to B1, because the sensor, although not destroyed by the excavation process, is very close to the lining after excavation and this is likely to induce a desaturation of the sensor after the front has passed its location, while the simulation reports a small area of excess pore pressure to pass by the sensor location and to induce the small peak observed in the WB1 curve.
Sensitivity analysis
In order to check the sensitivity of the results presented to some details of the modeling strategy adopted, the whole simulation has been reproduced with two significantly changed configurations: first, a different set of parameter was used for the constitutive law, corresponding to a more contractant material (determined from the higher mean effective stress experimental tests); secondly, the duration of the deconfinement of the first section of the gallery was changed from 15 days to 1 day. The results were carefully compared with the reference simulation presented here. Some changes were observed in both cases, but nothing significant. 
CONCLUSIONS
The modeling of the excavation process and the strain localization prediction along the process have been performed using the finite strain Finite Element Code Lagamine, with the constitutive law CLoE. A special modeling procedure was designed, taking into account the progressive excavation as a process in time, the placement of a lining behind the excavation front, the existence of a over-excavation with respect to the lining dimensions, and the hydromechanical coupling. The results are consistent with the site observations, especially the localization predicted. Further refinements would be necessary to reduce some discrepancies observed with respect to site data. L3S  -L3S  -L3S  -L3S -
